Of the various kinds of cell division, the most common mode is binary fission, the division of 32 a cell into two morphological identical daughter cells. However in the case of asymmetric cell 33 division, C. crescentus produces two morphological and functional distinct cell types. Here, 34
INTRODUCTION 51
Helicobacter pylori is a Gram negative, highly motile, microaerophilic, spiral-shaped 52 organism, which belongs to the class of the epsilon proteobacteria. The natural habitat of this 53 pathogen is the human gastric mucosa and infection of humans results in persistent gastritis, 54 which can develop into peptic ulcer disease and adenocarcinoma (1, 2). Today at least half of 55 the world's human population is infected (3). Although extensive research has been conducted 56 to H. pylori, remarkably little is known about the molecular basis of cell division in this 57 important human pathogen. The comparison of the complete genome sequences of two H. 58 pylori strains revealed that fourteen homologs of Escherichia coli cell division and 59 chromosome segregation genes have been recognized (4) and it was suggested that the basic 60 mechanisms of replication and cell division are similar to those of E. coli. These are genes 61 such as ftsZ, ftsA and the ring inhibitor genes minC, minD and minE. However, some 62 orthologues of cell division proteins like ZipA and all periplasmic connector proteins are 63 missing in H. pylori. These differences may be attributed to the smaller genome size of H. 64 pylori as well as the life style, i.e. H. pylori is adapted to its unique niche in gastric mucus 65 with fixed temperature and slow doubling time whereas E. coli is a free living organism with 66 fast proliferation under different temperatures (5). 67
In most organisms, cell division occurs after placement of a septum through the 68 midpoint of the dividing cell and equal distribution of the cellular components into the two 69 daughter cells (6). Division site determination is accomplished by FtsZ ring formation at the 70 future septum. The Z ring is usually positioned at mid-cell early during the division process 71 (7, 8) and serves as a scaffold for the assembly of the other cell division proteins. FtsZ 72 assembly is tightly regulated, and a diverse repertoire of accessory proteins contributes to the 73 formation of a functional division machinery that is responsive to cell cycle status. In rod-74 shaped bacteria like E. coli or B. subtilis, FtsZ localizes either diffusely in the cell, in a helical 75 pattern underneath the cell membrane, or as FtsZ-ring at the beginning of the division process. 76 4
The positioning of the Z-ring is dependent on the so called Min and nucleoid occlusion 77 systems (9), which prevent the assembly of Z-rings at the cell poles and over chromosomal 78 DNA. In particular, in E. coli, Min proteins oscillate from pole to pole resulting in the 79 formation of a zone of FtsZ inhibition at the cell poles. Protection of the replicated nucleoid 80 DNA near the mid-cell from bisection by the Z-ring is ensured by Noc in B. subtilis and by 81
SlmA in E. coli (10). Both the Z-ring and the helical localization of FtsZ are highly dynamic 82 with a high turnover rate (11, 12) . In contrast to E. coli and B. subtilis, FtsZ of C. crescentus 83 is clustered at a single cell pole before it is induced to assemble at mid-cell, a process that is 84 regulated by MipZ (13) . 85
In this study, we investigated cell cycle progression of the human pathogen H. pylori by 86 monitoring FtsZ. To this end, we used our previously developed system (14) 
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SpeI. Subsequently amplicates were cloned into the vector pFD1 using ApaI and ClaI giving 124 rise to the plasmids pFD323 (EcFtsZ-YFP), pFD320 (HpFtsZ-YFP), pFD321 (EcFtsZ) and 125 pFD319 (HpFtsZ) respectively. 126
Immunoblotting and determination of GFP stability 127 Cells were grown until log phase and then treated with puromycin dihydrochloride (50mg/ml) 128 for 10 minutes to one hour. After protein determination equal amounts of the samples were 129 lysed in SDS-PAGE loading buffer by boiling for 5 min. SDS-PAGE and transfer of protein serum-free medium to 1 ml and was added to cells from which the growth medium had been 142 removed (cells were washed once with serum-free medium). After 18 hrs, the supernatant was 143 removed and replaced by 3 ml of medium containing 5% FCS. After further incubation for 24 144 hrs, the production of the proteins was induced by adding CuSO 4 to a final concentration of 1 145
mM. 146
Immunofluorescence 147
Immunofluorescence of H. pylori cells was performed as described earlier (19) 
Fluorescence microscopy 171
Fluorescence microscopy was performed on a Zeiss Axioobserver Z1 microscope using a 100 172
x objective with A = 1.45. Cells were mounted on agarose gel pads containing brucella liquid 173 medium on object slides. Images were acquired with a digital Cascade EM-CCD camera 174 (Photometrix); signal intensities and cell length were measured using the FtsZ-GFP fusion is very stable, because the fusion was still visible even after 60 minutes of 209 incubation. (Fig. 1A) . In addition this experiment confirmed that GFP was not cleaved off. 210
Subsequently, we analysed 1061-FtsZ-GFP cells grown in liquid culture until log phase 211 using epifluorescence microscopy. In this phase H. pylori has a tight spiral shape, whereas 212 coccoid cells start to appear at the earliest in late log phase (21). Single mid-cell bands of FtsZ 213 were visible in large cells (> 2.2 µm) verifying that the GFP tagging system can produce 214 functional fusions in live cells (Fig 1C, white triangles) . Surprisingly, FtsZ bands were 215 positioned off centre in about 50% of the cells (Fig. 1C , red triangles, 85 cells analysed) 216
suggesting an asymmetric cell division. As spiral or mildly curved bacteria might introduce 217 visual artifacts (e.g. as the entire bacterial body might not be in the same focal plane) we 218 further confirmed our finding using 1061-FtsZ-GFP H. pylori cells which displayed a 219 straighter phenotype. To this end, we performed Z stacks of the asymmetric localized Z ring 220 demonstrating that the localization is indeed not a visual artifact (Fig. 1F) . In this context it 221 has to be noted, that straight wt cells are always found to a small extend in H. pylori cell 222 cultures 223
To support the idea of asymmetric cell division, we measured the distance of the division 224 septum to the two old cell poles in dividing cells (Fig. 1D , Table 2 well as polar foci (Fig. 1C) . As a further control we performed immunofluorescence analysis 253 with aztreonam treated H. pylori wt cell. Unevenly spaced Z rings in the filamentous cells 254 could be seen (Suppl . Fig. 1B) (Fig. 1G, red triangles) as well as symmetric (Fig. 1G, white triangles) (Fig. 1H, white triangles) . In addition, we found some 299 large cells, which already possessed two polar bundles of flagella, indicating that the 300 formation of flagella occurs prior the placement of a septum (Fig. 1H, yellow were subsequently renormalized to the prebleach ratio. One representative FRAP time series 311 is shown in Fig 2A (left side) . We bleached half of a Z-ring and calculated a half time of 312 recovery of about 10 s (n=5) ( Fig. 2A right side) , which is similar to those measured in E. coli 313 and B. subtilis. Nevertheless, this result is interesting as far as H. pylori has a considerably 314 slower cell cycle with a generation time of about at least 3 hours (25) in comparison to a 315 maximal doubling time of twenty minutes in E. coli. Therefore our results indicate that the 316 duration of the cell cycle is independent of the turnover rate of the Z-ring. 317
Next we performed FRAP experiments of FtsZ at its polar location. We bleached a small 318 area close to a cell pole and monitored the recovery of fluorescence. Figure 2B (left side) 319
shows an example of a FRAP experiment. Interestingly, we calculated a half time of recovery 320 of about 18 s (n=5) (Fig. 2B right side) . Therefore we assume that these foci are at least 321 ordered structures. Also, these structures were distinct from the filaments in the Z-ring as the 322 half time was almost twice as long. 323 324
Monitoring of FtsZ during cell cycle progression in H. pylori 325
In order to visualize cell cycle progression in H. pylori we monitored cell division under the 326 microscope using a heating stage at 32°C and a CO 2 atmosphere of 5% producing a 327 microaerophilic milieu. Due to the fastidious requirements of H. pylori to his environment, 328 monitoring was not possible over a complete cell cycle in this human pathogen; however, we 329 on October 3, 2017 by guest http://jb.asm.org/ Downloaded from were able to perform time lapse microscopy, in which we could follow FtsZ-GFP (Fig. 3)  330 over different time periods. Thus, it was possible to observe FtsZ-GFP moving from the polar 331 localization (Fig. 3, white triangles) to the localization where the Z-ring was build (Fig. 3,  332 yellow triangles). This confirms that the polar foci of FtsZ-GFP are functional and that the 333 polar accumulation of FtsZ is indeed part of the cell cycle progression in H. pylori. 334
Interestingly, this movement seemed to follow a spiral pattern (Fig. 3, white asterisks) , which and tagged proteins was used to avoid tag-artefacts. For E. coli straight and rarely branched 350 filamentous structures could be observed soon after induction of transcription (Fig. 4A lower  351 panel). Further induction resulted in long filaments that were ordered in parallel and 352 exclusively found underneath the membrane, which was shown by imaging of different Z-353 planes within cells (Fig. 4A upper panel, left side) . Interestingly, some of these filaments 354 reached a length of more than 20 µm causing striking cell extrusions (Fig. 4A upper panel functional filaments with subunit turnover (Fig. 4A lower panel) . 360
Contrarily, H. pylori FtsZ filaments were found to have two distinct patterns. Either FtsZ-361 YFP filaments were curled (Fig. 4B upper panel, left side) or straight (Fig. 4B upper panel,  362 right side). Interestingly, there were no cells with mixed types of filaments. Furthermore, even 363 straight filaments differed from E. coli filaments as they were completely detached from the 364 membrane and never caused cell extrusions. These filaments were also seen by 365 immunofluorescence using the anti-FtsZ-antibody against Corynebacterium glutamicum FtsZ 366 supporting the specificity of this serum (Fig. 4 C) . Qualitative FRAP experiments confirmed 367 the subunit turnover of both kinds of filaments (Fig. 4B lower panel and data not shown) . 368 Surprisingly, it was possible in some cases to follow filament polymerisation via time lapse 369 microscopy ( Fig. 4D) Helicobacter pylori and even in ε-proteobacteria, a group of organisms that has hardly been 380 studied at the cell biological level so far. Indeed, recent research discerned that biological 381 strategies employed by model organisms, which have contributed greatly to our knowledge of 382 basic biology and pathogenesis, do not always represent those of other bacterial species as 383 these model species represent only a small fraction of the known bacterial diversity (27). 384
By using an ftsZ-gfp fusion expressed from the original gene locus we demonstrate that 385 approximately 50% of the H. pylori cells show clearly asymmetrically localized FtsZ rings. 386
However, even in cells with an apparent mid-cell Z-ring there was 10% variation of Z-ring 387 positioning, which is much larger than the at most 5% variation observed in E. coli or B. However, these authors already considered that the FRAP data for M. smegmatis were much 426 more scattered than for E. coli, and that they had to exclude 20% of the measurements (30). In 427 addition, we also performed FRAP experiments of the polar FtsZ foci in H. pylori. 428
Interestingly, we calculated a twofold slower turnover half time for this ill-defined structure. 
